
Q 
' A  

0-l 
m 
m 

NASA TT F-11,339 

. 
ELECTRONIC ASPECTS OF THE MECHANISMS OF THE LETHAL AND 

MUTAGENIC ACTION OF ULTRAVIOLET LIGHT 

G. G. Dyadyusha, V. I. Danilov and 0. V. Shramko 

GPO PRICE $ 

CFSTI PRICE(S1 $ 

Hard copy (HC) . 

ff 653 July 65 

T r a n s l a t i o n  of "Elektronnyye aspekty mekhanizmov l e t a l  nogo 
i mutagennogo deystviya uf-sveta". MoZekuZyarnuya 

BioZogiya, Vol. 1, No. 4 ,  pp. 539-543, 1967. 

(PAGES1 (CbDEl C Z z I -  L (NASA OR OR TMX OR AD NUMBER) 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 
WASHINGTON, D. C. 20546 NOVEMBER 1967 



NASA TT F-11,339 

ELECTRONIC ASPECTS OF THE MECHANISMS OF THE LETHAL AND 
MUTAGENIC ACTION OF ULTRAVIOLET LIGHT 

G. G. Dyadyusha, V. I. Danilov and 0. V. Shramko 

ABSTRACT. The lowest  t r i p l e t  states of pyrimidine bases  (PB) 
and PB d e r i v a t i v e s  have been s tudied  by the  se l f - cons i s t en t -  
f i e l d  open-shel l  and closed-shel l  methods. 
t i o n  i s  almost completely loca l i zed  on t h e  5-6 bond; t h i s  
f a c t  f avor s  t h e  r e a c t i o n  of photodimerizat ion.  A c o r r e l a t i o n  
between t h e  degree of t r i p l e t  state l o c a l i z a t i o n  on t h e  5-6 
bond and t h e  ease of photodimerizat ion i s  demonstrated. In- 
v e s t i g a t i o n  of t h e  ground s t a t e  of cy tos ine  and cy tos ine  hy- 
d r a t e  i n  n e u t r a l  and c a t i o n i c  forms shows t h a t  t h e  deaminiza- 
t i o n  r e a c t i o n  of cy tos ine  hydrate proceeds through t h e  pro- 
t o n i c  s t age .  The r e l a t i o n s h i p  between t h e  d a t a  obta ined  and 
t h e  mutagenic e f f e c t  of u l t r a v i o l e t  l i g h t  i s  discussed.  

T r i p l e t  exc i t a -  

The i n f l u e n c e  of u l t r a v i o l e t  l i g h t  on b a c t e r i a ,  bacter iophages,  and anima1/539* 
cel ls  causes  l e t h a l  and mutagenic e f f e c t s .  The b a s i s  of t h e  l e t h a l  e f f e c t  of 
u l t r a v i o l e t  l i g h t  [l, 21 is t h e  formation of va r ious  dimers of pyrimidine bases  
(PBs) which b lock  t h e  s y n t h e s i s  of nuc le i c  a c i d s ,  causing loss of r ep roduc t ive  
a b i l i t y .  The mutagenic e f f e c t  of u l t r a v i o l e t  l i g h t  i s  r e l a t e d  t o  t h e  deamini- 
z a t i o n  of c y t i d y l i c  a c i d  hydra tes  formed as a r e s u l t  of i r r a d i a t i o n  o r  of PB 
dimers conta in ing  cy tos ine  [3 ,  41. 

The a v a i l a b l e  d a t a  made i t  poss ib l e  t o  assume [5] t h a t  PB d imer i za t ion  
proceeds through t h e  t r i p l e t  s ta te ;  p r a c t i c a l l y  noth ing  is  known of t h e  causes  
of t h e  marked tendency toward deaminization of cy tos ine  a f t e r  r a d i a t i o n .  I n  
t h i s  connect ion,  t h e r e  i s  a p a r t i c u l a r  i n t e r e s t  i n  t h e  s tudy of t h e  e l e c t r o n  
s t r u c t u r e  of PBs and PB d e r i v a t i v e s  i n  the ground and exc i t ed  states. Mantione 
and Pullman [6]  made such an at tempt .  A s tudy  of t h e  f i r s t  exc i t ed  s ta te  of 
PBs and some PB d e r i v a t i v e s  e s t a b l i s h e d  a c o r r e l a t i o n  between t h e  ease of photo- 
d imer i za t ion  and t h e  d e n s i t y  of unpaired e l e c t r o n s  i n  atoms 5 and 6 (see dia-  
gram f o r  numeration of atoms). 

However, t h e  method used i n  [6] does n o t  permi t  t h e  t r i p l e t  and s i n g l e t  
e x c i t e d  states t o  be  d i s t ingu i shed ,  although understanding of t h e  d imer i za t ion  

*Numbers i n  t h e  margin i n d i c a t e  pagina t ion  i n  t h e  f o r e i g n  text. 
B . B . :  Commas should b e  i n t e r p r e t e d  as decimal p o i n t s  i n  a l l  material t h a t  

has  been reproduced d i r e c t l y  from the  o r i g i n a l  fo re ign  documents. 
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mechanism r e q u i r e s  d i r e c t  s tudy  of t h e  lowest exc i t ed  states ( s i n g l e t  and t r i p -  
l e t ) ,  which are IT-IT* states [7] .  

We demonstrated earlier [8, 91 t h a t  t h e  PB t r i p l e t  s ta te  meets t h e  condi- 
t i o n s  necessary  f o r  t h e  d imer iza t ion  r e a c t i o n ;  t h e s e  condi t ions  are more favor- 
a b l e  than i n  t h e  s i n g l e t  e x c i t e d  state. The r e s u l t s  of a quantum-mechanical 
c a l c u l a t i o n  of t h e  v e l e c t r o n  s t r u c t u r e  of t h e  lowest  t r i p l e t  s ta te  of PBs and 
some PB d e r i v a t i v e s  are  analyzed i n  t h e  present  work by t h e  se l f - cons i s t en t -  
f i e l d  open-shel l  method [lo-121. 

Discussion of Resu l t s  

The t a b l e  p re sen t s  t h e  most e s s e n t i a l  c a l c u l a t e d  q u a n t i t i e s  f o r  t h e  prob- /540 
l e m  under cons ide ra t ion .  
azothymine, which w i l l  be  d iscussed  on the fol lowing page) are l i s t e d  i n  o r d e r  
of i n c r e a s i n g  p and s imultaneously decreasing p and p i . e . ,  by t h e  de- 

g r e e  of l o c a l i z a t i o n  of e x c i t a t i o n  on the  5-6 bond. 

A l l  compounds s tud ied  (wi th  the  except ion of 6- 

5-6 5 6’ 

According t o  our  c a l c u l a t i o n s  ( see  t a b l e ) ,  t h e  5-6 bond i s  p r a c t i c a l l y  
double i n  t h e  ground s ta te  of a l l  compounds s tud ied .  
t r i p  l e t  s ta te  

d e r i v a t i v e s  t h i s  IT-bond becomes so  weak t h a t  i t  can b e  considered broken. Com- 
par i son  of q and p and a l s o  q and p shows t h a t  t h e  e l e c t r o n  d e n s i t y  i n  5 5’ 6 6’ 
t h e s e  atoms i s  mainly a func t ion  of unpaired e l e c t r o n  dens i ty  because of s t rong  
concen t r a t ion  of t he  l a t t e r  i n  atoms C This  considerably i n c r e a s e s  5 
t h e  r e a c t i v i t y  of a number of t h e  molecules s t u d i e d ,  s i n c e  t h i s  t r i p l e t  state 
i s  an unsa tu ra t ed  valence s t a t e  [13].  The lowest  T-T* t r i p l e t  s tate,  conse- 
quen t ly ,  h a s  t h e  r e q u i s i t e s  f o r  PB d imer iza t ion ,  which i s  t o  say r u p t u r e  of t h e  
5-6 IT-bond, followed by t h e  formation of a cyclobutane r ing .  

With t r a n s i t i o n  t o  t h e  
decreases  s i g n i f i c a n t l y ,  i n d i c a t i n g  t h a t  i n  PB and some PB ’ p5-6 

and C6. 

A l l  compounds l i s t e d  i n  t h e  t a b l e  can b e  d iv ided  by degree of l o c a l i z a t i o n  
of e x c i t a t i o n  on t h e  5-6 bond i n t o  t h r e e  groups. The f i r s t  group con ta ins  the 
f i r s t  f o u r  compounds, which are known t o  be e a s i l y  dimerized [14]. The second 
group con ta ins  t h e  next  t h r e e  compounds, which are dimerized wi th  less ease [14].  
The t h i r d  group c o n s i s t s  of compounds which are n o t  dimerized o r  are dimer- 
i z e d  w i t h  g r e a t  d i f f i c u l t y ;  w e  have placed i s o c y t o s i n e  i n  t h i s  group. Unfor- 
t u n a t e l y ,  t h e  l i t e r a t u r e  conta ins  no q u a n t i t a t i v e  d a t a  on t h e  s tudy  of photo- 
d imer i za t ion  of i socy tos ine ;  i t  is only noted [14] t h a t  i t  dimerizes  t o  a less- 
er degree than  6-methyluracil  o r  u r a c i l .  A more d e t a i l e d  i n v e s t i g a t i o n  of i t s  
d imer i za t ion  would b e  of i n t e r e s t .  Our r e s u l t s  f o r  t h i s  compound d i f f e r  s ig -  
n i f i c a n t l y  from those  obta ined  i n  [6] .  According t o  our  da t a ,  l o c a l i z a t i o n  of 
unpaired e l e c t r o n  d e n s i t y  i n  atoms 5 and 6 i s  cons iderably  less than  i n  com- 
pounds of t h e  f i r s t  and second groups, because t h e  d e n s i t y  i n  t h e  0 

0.78) i nc reases .  
i n  [61, and t h e  au tho r s  cons ider  t h e  degree of d imer i za t ion  of i s o c y t o s i n e  t o  
be  average. Our r e s u l t s  a l s o  d i f f e r  from those  of [6]  w i t h  regard t o  2-thio- 
thymine. 
t h i s  compound, t h e r e  is, neve r the l e s s ,  cons iderable  d i f f e r e n c e  between them; 

/541 

atom (p8  = 

This  r e d i s t r i b u t i o n  of unpaired e l e c t r o n  d e n s i t y  i s  n o t  noted 
8 

Although t h e  r e s u l t s  of bo th  s t u d i e s  i n d i c a t e  t h e  nondimerizat ion of 
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i .e. ,  t h e  s i g n i f i c a n t  decrease  of p w a s  r e l a t e d  i n  [6] t o  t h e  concen t r a t ion  of 

unpaired e l e c t r o n  dens i ty  i n  the  S atom, whi le  i n  our  s tudy ,  i t  is  a t t r i b u t e d  

t o  concen t r a t ion  i n  0 

5 

7 
( p 8  = 0.65). 

Thus, t h i s  review i n d i c a t e s  t h a t  the  ease of PB d imer i za t ion  i s  c o r r e l a t e d  
w i t h  both  t h e  d e n s i t y  of unpaired e l ec t rons  i n  atoms 5 and 6, and t h e  o rde r  of 
t h e  5-6 bond. 

Returning t o  6-azothymine, w e  see t h a t  n e i t h e r  t h e  c a l c u l a t i o n s  i n  [6]  nor  
our  own c a l c u l a t i o n s ,  exp la in  t h e  absence of i ts photodimerizat ion.  It i s  pos- 
s i b l e  t h a t  t h e  i n t r o d u c t i o n  i n t o  thymine of t h e  n i t r o g e n  atom w i t h  i t s  unshared 
p a i r  of n-e lec t rons  r e s u l t s  i n  t h e  appearance of new s i n g l e t  and t r i p l e t  n-r* 
t r a n s i t i o n s  occurr ing  a t  energy levels lower than  t h e  corresponding T-T* t ran-  
s i t i o n s .  A s  a r e s u l t ,  e n t r y  i n t o  t h e  t r i p l e t  n-m* state  fo l lowing  e x c i t a t i o n  
i s  most probable;  apparent ly  l o c a l i z a t i o n  of e x c i t a t i o n  on t h e  5-6 bond does 
n o t  occur  i n  t h i s  state. 

For a comparison wi th  t h e  above descr ibed r e s u l t s ,  t h e  t a b l e  a l s o  conta ins  
( i n  parentheses)  t h e  r e s u l t s  of c a l c u l a t i o n  by t h e  s e l f - c o n s i s t e n t - f i e l d  closed- 
s h e l l  method. Comparison of t h e  c a l c u l a t i o n  r e s u l t s  ob ta ined  by t h e  two meth- 
ods reveals marked d i f f e rences .  The r e s u l t s  of c a l c u l a t i o n s  based on t h e  
c losed - she l l  theory provide  c o n t r a s t i n g  arrangements of PB ranked by ease of 
d imer i za t ion ,  depending on whether t h e  l a t t e r  i s  measured by t h e  d i s t r i b u t i o n  
of p 5  and p 6 ,  o r  by p5-6. I f  ease of dimerizat ion is  based on e x c i t a t i o n  lo- 

c a l i z a t i o n  on t h e  5-6 bond, use  of t h e  c losed-she l l  theory causes  u r a c i l  t o  
change p l a c e s  w i t h  6-methyluracil ,  and cy tos ine  t o  change p l a c e s  wi th  5-methyl- 
cy tos ine .  However, t h e  b a s i c  d i f f e r e n c e  i s  t h a t  t h e  open-shell  theory p r e d i c t s  
a l a r g e  l o c a l i z a t i o n  of t r i p l e t  e x c i t a t i o n  on t h e  5-6 bond. 
b e t t e r  agreement w i t h  t h e  experimental  da ta  [ 7 ] ,  t h e  open-shel l  theory provides  
a more c o r r e c t  p h y s i c a l  r e s u l t  f o r  t h e  chosen system of i n t e g r a l s :  t h e  energy 
of t h e  f i r s t  t r i p l e t  states decreases  by 0.5-1 e V  i n  comparison wi th  ene rg ie s  
computed wi thout  reminimizat ion of wave funct ions .  

Eesides  g iv ing  

I n  a d d i t i o n  t o  dimers formed during u l t r a v i o l e t  i r r a d i a t i o n  of organisms, 
n u c l e o t i d e  hydra tes  are important  photoproducts [l]. Since  t h e  mutagenic e f f e c t  
i s  r e l a t e d  t o  t h e  formation of cy tos ine  hydra tes  and t h e i r  subsequent deamini- 
z a t i o n ,  i t  i s  clear t h a t  s tudy  of cy tos ine  hydra te  is  important  f o r  an under- 
s tanding  of t h e  causes  of t h e  increased  tendency t o  deaminizat ion.  

W e  s t u d i e d  t h e  ground s t a t e  of cy tos ine  hydra t e  by t h e  se l f - cons i s t en t -  
f i e l d  method. 

ceeds,  has  a charge of +0.23 i n  cy tos ine  hydra te ,  whi le  cy tos ine  i t s e l f  has  a 
charge of +0.19, i .e. ,  deaminizat ion during hydra te  formation i s  f a c i l i t a t e d  t o  
a c e r t a i n  ex ten t .  However, c a l c u l a t i o n  of t h e  n u c l e o p h i l i c  l o c a l i z a t i o n  energy /542 
of t h e  C atom, which i s  12.76 e V  i n  cy tos ine  and 12.95 e V  i n  c y t o s i n e  hydra te ,  4 
g ives  t h e  oppos i t e  p i c t u r e .  This  seems t o  render  improbable t h e  viewpoint of 
Mantione and Pullman [ 6 ] ,  who exp la in  the inc reased  tendency deaminizat ion by 
t h e  i n c r e a s e  i n  t h e  p o s i t i v e  charge on the C4 atom due t o  s imple s a t u r a t i o n  of 
t h e  5-6 bond. 

It w a s  found t h a t  t h e  C4 atom, through which deaminizat ion pro- 
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Xuch more important  t o  the  f a c i l i t a t i o n  of c y t o s i n e  deaminizat ion,  i n  our  
opinion,  is  t h e  f a c t  t h a t  t h e  formation of c y t i d y l i c  a c i d  hydra t e  s i g n i f i c a n t l y  
inc reases  t h e  pH of t h e  d i s s o c i a t i n g  group of t h e  base.  Thus, according t o  t h e  
d a t a  i n  [3] ,  t h e  pH of c y t i d y l i c  a c i d  hydrate  i s  5.56, wh i l e  t h e  pH of c y t i d y l i c  
a c i d  i s  4 . 2 6 ,  i .e. ,  i f  t h e  re la t ive content of c a t i o n i c  and n e u t r a l  forms i n  
c y t i d y l i c  a c i d  i s  1:1000, i t  i s  1:50 i n  the hydrate .  I n  t h i s  connect ion,  i t  i s  
of i n t e r e s t  t o  s tudy  t h e  a b i l i t y  of t he  c a t i o n i c  form of cy tos ine  hydra t e  t o  
deaminize. We computed t h e  e l e c t r o n i c  s t r u c t u r e  of t h e  c a t i o n i c  forms of cyto- 
s i n e  hydra t e  and of c y t o s i n e  i t s e l f .  The charge on t h e  C atom i n  t h e  c a t i o n  4 
of c y t o s i n e  hydra te  increased  very sharply (by 0.39), wh i l e  t h e  energy of nu- 
c l e o p h i l i c  l o c a l i z a t i o n  of t h i s  atom decreased s u b s t a n t i a l l y  (by 3.50 eV) i n  
comparison w i t h  t h e  n e u t r a l  form of cytosine hydra te .  Also observed w e r e  a no- 
t i c e a b l e  increase of t h e  p o s i t i v e  charge and a decrease  of t h e  l o c a l i z a t i o n  en- 
ergy of t h e  C4 atom i n  t h e  p r o t o n i c  form of cy tos ine  hydra t e  i n  comparison wi th  

t h e  p r o t o n i c  form of cy tos ine  i t s e l f  ( i n  t h e  l a t te r ,  t h e  C atom has a charge 

of +0.46, wh i l e  t h e  l o c a l i z a t i o n  energy is 11.09 e V ) .  This  g r e a t l y  f avor s  t h e  
deaminizat ion r eac t ion .  

4 

Actua l ly ,  experimental  d a t a  131 i n d i c a t e  t h a t  t h e  g r e a t e s t  y i e l d  of t h e  
hydrated form of u r i d i c  a c i d  obtained as a r e s u l t  of deaminizat ion of c y t i d y l i c  
a c i d  hydra t e  i s  observed a t  pH 3; i .e . ,  when t h e  l a t te r  is  almost completely 
found i n  t h e  p r o t o n i c  form. A s  t h e  pH inc reases ,  t h e  rate of deaminizat ion 
decreases ,  b u t  n o t  as quick ly  as should be expected from t h e  decrease  i n  con- 
c e n t r a t i o n  of t h e  p r o t o n i c  form; t h i s  i s  due t o  a s imultaneous i n c r e a s e  i n  t h e  
concen t r a t ion  of OH- i ons  which are t h e  most probable  agents  of deaminizat ion.  
On t h e  b a s i s  of t h e  d a t a  obta ined ,  t h e r e  i s  reason t o  suppose t h a t  t h e  process  
of c y t o s i n e  deaminizat ion i n  u r a c i l  takes  p l a c e  mainly i n  t h e  p r o t o n i c  form of 
cy tos ine  hydra te .  

This  process  is  capable  of explaining p a r t  of t h e  experimental  d a t a  on t h e  
mutagenic e f f e c t  of u l t r a v i o l e t  l i g h t  115, 161, which l e d  t o  the s u b s t i t u t i o n  
of a p a i r  of guanine-cytosine bases  (GC) f o r  a p a i r  of adenine-thymine bases  
(AT). It i s  p o s s i b l e  t h a t  t he  above-described deaminizat ion mechanism a l s o  oc- 
curs  i n  dimers conta in ing  cy tos ine .  Some of t h e  GC + AT t r a n s i t i o n s  are evi- 
den t ly  c o n t r o l l e d  by change i n  t h e  coding p r o p e r t i e s  of cy tos ine  hydra te .  

It  is  p o s s i b l e  t h a t  i n  t h e  r edup l i ca t ion  of n u c l e i c  ac ids ,  c e r t a i n  c a t i o n i c  
forms of cy tos ine  hydra t e  do n o t  p a i r  with any of t h e  bases ,  which may r e s u l t  
i n  d e l e t i o n .  This p o s s i b i l i t y ,  toge ther  w i th  t h e  occurrence of d e l e t i o n s  due 
t o  t h e  formation of PB dimers,  may explain some of t h e  muta t ions  which w e r e  n o t  
i d e n t i f i e d  [15, 161, b u t  were assumed t o  be d e l e t i o n s  o r  i n s e r t i o n s .  

The mechanisms under cons ide ra t ion  do n o t  e x p l a i n  6% of t h e  mutat ions at- 
t r i b u t e d  t o  AT + GC t r a n s i t i o n s  1161. Apropos, i t  i s  of i n t e r e s t  t o  i n v e s t i -  
g a t e  t h e  hydrated form of u r a c i l  and i t s  ma t r ix  p r o p e r t i e s ,  s i n c e  p o s s i b l e  de- 
crease i n  t h e  pH of i t s  d i s s o c i a t i v e  group i n  t h e  hydra t e  could l e a d  t o  t h e  in-  
c lus ion  of guanine,  which would exp la in  the  occurrence of AT + GC t r a n s i t i o n s .  
Following exposure t o  u l t r a v i o l e t  r a d i a t i o n  a s h i f t  of the tau tomer ic  e q u i l i -  
brium of A o r  T i n  t h e  ma t r ix  accompanying r e p l i c a t i o n  e r r o r s ,  o r  of G o r  C i n  
t h e  s u b s t r a t e  accompanying i n c l u s i o n  e r ro r s  might a l s o  have t h e  same e f f e c t .  

5 



A s  the computations which one of us performed 1171 indicate, the tautomeric 
equilibrium of T and U in the lowest excited singlet state is displaced in the /543 
direction of lactam forms by comparison with the ground state equilibrium. 

Conclusions 

A quantum-mechanical calculation of the ground and excited states of vari- 
ous pyrimidine derivatives supports the conclusion that triplet excitation is 
almost completely localized on the 5-6 bond; the latter, with simultaneous rup- 
ture of the .rr-bond, is a necessary condition of cyclobutane ring formation. 

The compounds studied show a correlation between the degree of localiza- 
tion of triplet excitation on the 5-6 bond and ease of photodimerization. 

The study of cytosine and cytosine hydrate in neutral and cationic forms 
indicates that the deaminization reaction of cytosine is considerably facili- 
tated in the protonic form of the hydrate. This process is capable of explain- 
ing some of the experimental data on the mutagenic effect of ultraviolet light. 

The authors are grateful to G. F. Kventsel' for reading the manuscript and 
for his useful comments. 
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